Purpose: Susceptibility-weighted (SW) imaging is a magnetic resonance (MR) imaging technique reported eŠective in visualizing multiple sclerosis (MS) plaques, but its capacity to distinguish active plaques remains unclear. We evaluated active plaque detection by SW compared with contrast-enhanced MR imaging.
Introduction
Multiple sclerosis (MS) is a demyelinating disease of the central nervous system with elusive origins that progresses mainly by autoimmune mechanisms, 1 and most patients experience multiple episodes of relapse and remission. Accurate diagnosis and monitoring of disease activity by magnetic resonance (MR) imaging are crucial for prompt and appropriate management to reduce relapse occurrence and slow disease progression to disability. 2, 3 Structural MR images, such as T 2 -weighted (T 2 WI) and ‰uid-attenuated inversion recovery (FLAIR) images, demonstrate similar signal intensity and conˆguration of active and inactive MS plaques, so detecting new plaques requires repetitive examination and image comparison. Because actual demyelination activity in plaque cannot be determined using these images, gadolinium (Gd)-enhanced T 1 -weighted images (T 1 WI) have been widely used to reveal abnormal enhancement of newly developed or relapsed active plaques. [4] [5] [6] [7] Nevertheless, contrast-enhanced MR imaging cannot be applied in patients with renal dysfunction or history of allergic reactions. 8 Susceptibility-weighted imaging (SWI) has been developed as a novel MR imaging technique to visualize venous structure, iron deposition, and hemorrhage [9] [10] [11] without the use of contrast agents. Several recent studies applying SWI to MS [12] [13] [14] have reported that minimum intensity projection (minIP) SWI and/or its source images before post-processing (i.e., SW magnitude and phase images) can detect MS plaques with greater sensitivity than structural MR imaging and can visualize various signal patterns not previously recognized within the plaques. However, it is not clear whichˆndings on various SW images correspond to abnormal enhancement on T 1 WI and readily re‰ect plaque activity. Therefore, we attempted to identify imaginĝ ndings that predict plaque activity without contrast media by analyzing signal patterns of plaque on various SW images, including SW magnitude, phase, and minIP images, and correlating these withˆndings from contrast-enhanced T 1 WI.
Materials and Methods

Patients
Between July 1 st , 2009 and February 28 th , 2010, we prospectively recruited 45 consecutive patients with relapsing-remitting type MS. Inclusion criteria were age 15 to 60 years, onset of less than 10 years, and presence of plaque(s) in the supratentorial region on previous MR imaging. Exclusion criteria were neuromyelitis optica, renal dysfunction, and history of allergic reactions to Gd agents. Among the 45 patients, 11 (8 women, 3 men) met study criteria. Mean age was 32 years (range, 19 to 47 years) and mean disease duration was 4.6 years (range, 0.5 to 8.5 years). All patients were diagnosed with relapsing-remitting type MS according to the 2005 McDonald criteria for MS diagnosis. 15 At study entry, 6 patients were in relapse, andˆve were in remission. None had evidence or prior diagnosis of neoplasms, cerebrovascular diseases, or other neurological disorders. The local institutional review board approved the study protocol, and all patients provided written informed consent.
MR imaging examination
Imaging examinations were conducted using a 3-tesla MR scanner (Signa HDx; GE Healthcare, Milwaukee, WI, USA) with a standard quadrature detection (QD) head coil. For SWI, 3-dimensional (3D) spoiled gradient-echo (SPGR) images were obtained using parameters: repetition time (TR), 48 ms; echo time (TE), 30 ms;ˆeld of view (FOV), 240 mm; acquisition matrix size, 512×256; slice thickness, 1.5 mm; number of slices, 90; ‰ip angle (FA), 189 ; and acquisition time, 16 min 54 s. After signal acquisition, we reconstructed SW magnitude images in addition to real and imaginary images on the console. We used Perfusion Mismatch Analyzer (PMA) Ver. 3.3.0.0 freeware software to generate unwrapped SW phase and minIP images using previously described methods. 16, 17 Brie‰y, after unwrapping background phase shifts by applying a high-passˆlter (kernel size, 64×64), we obtained unwrapped SW phase and phase mask images. The phase mask images were multiplied 4 times followed by multiplication on the SW magnitude images. We then used a minIP technique with 6-mm slice thickness to generate minIP SWIs. These postprocessing parameters were routinely used in our institute.
We obtained T 2 WI and T 1 WI before and after administration of Gd contrast (0.1 mmol/kg gadoteridol; Bracco-Eisai Co., Tokyo, Japan). For T 2 
Visual interpretation of plaqueˆndings
From T 2 WIs, one neurologist (S. M.) selected for visual assessment lesions with ovoid hyperintensity in the supratentorial regions that suggested MS plaques. A total of 74 plaques was selected. Two board-certiˆed neuroradiologists (K. K. and N. F.) independently evaluated the intensity of plaques (i.e., low, iso-, or high intensity) compared with surrounding normal white matter and accompanying rim hypointensity 12 on SW magnitude, phase, and minIP images. T 2 WI was used as a reference to identify plaque size and location.
To calculate intraobserver agreement, we conducted 2 reading sessions one week apart in which plaques were randomly presented. In a third session, each reader determined aˆnal evaluation for plaques for which there was a discrepancy between theˆrst and second sessions. Whenˆnal plaque assessments varied between readers, consensus was sought. One month later, the same readers evaluated the signal intensity of the plaques on pre-and postcontrast T 1 WIs to describe the presence of contrast enhancement and its pattern, i.e., intraplaque or ring-like enhancement. Discrepancies between sessions and readers were treated in the same manner as described above.
Statistical analysis
We used Fisher's exact test to determine whether the signal intensity of plaques, hypointensity of rims, and any combination of these on SW magnitude, phase, or minIP images correlated with plaque enhancement on postcontrast T 1 WI. We calculated sensitivities and speciˆcities after dividing high, iso-, and low signal intensities into 2 categories. For example, to calculate sensitivity of high signal plaques, we divided signal intensities into one category with high intensity and a second with iso or low intensity. We examined intra-and interobserver agreements using kappa statistics. All statistical tests were performed using SPSS Version 18 statistical software (SPSS Inc., Chicago, IL, USA). An alpha level of 0.01 denoted statistical signiˆcance.
Results
We evaluated 74 plaques, all of which showed low signal intensity on precontrast T 1 WI and 27 (36.5z) of which showed contrast enhancement eŠects on postcontrast T 1 WI. Among various signal alterations of MS plaques on SW magnitude, phase, and minIP images, only those on SW magnitude images correlated signiˆcantly with Gd enhancement (P＝0.008, Fisher's exact test). The rate of contrast enhancement increased as signal intensity increased-11.1z in plaques with low intensity, 27.5z in isointense plaques, and 60.0z in plaques with high intensity (Fig. 1a) . When high intensity on SW magnitude images was used to predict contrast enhancement, sensitivity was 0.556 and specicity, 0.787. In contrast, enhancement was not signiˆcantly related to signal alterations on SW phase (P＝0.354) or minIP (P＝0.546) images or accompanying hypointense rim on SW magnitude (P＝ 0.075), phase (P＝0.197), or minIP (P＝0.240) images (Fig. 1b-f) .
Among combinedˆndings of high intensity on SW magnitude images with signal changes on other images or presence of low intensity rim signal on any images, Gd enhancement correlated signiˆcant-ly only in combinations with low signal rim on SW magnitude and minIP images (P＝0.004 for both) (Table) . Sensitivity was 0.296 and speciˆcity, 0.957, for both combinations. With regard to relationship with plaque enhancement pattern on postcontrast T 1 WI, 12 plaques presented a ring-like pattern, eight of which had hypointense rim on SW magnitude images and seven, on minIP SWIs. In the other 15 plaques, which demonstrated enhancement within the plaque, signal intensity was high in 7 plaques and isointense in 8 plaques on SW magnitude images, and 6 plaques had accompanying hypointense rim on SW magnitude images and 3 plaques, on minIP SWIs. Figures  2 to 4 show typical imageˆndings of the plaques.
Values of k ranged from 0.508 to 0.827 for intraobserver agreement, indicating moderate agreement, and from 0.336 to 0.526 for interobserver agreement, indicating poor to moderate agreement.
Discussion
Several studies have evaluated MS plaques using minIP SWIs or SW phase images, 12,13 but SW magnitude images have not been an area of focus. In this study, however, we found signiˆcant correlation between signal alterations of plaque on SW magnitude images, i.e., high intensity plaques with or without low signal rims, and enhanced plaques on Gd-enhanced T 1 WI, whereas signal changes on SW phase or minIP images did not correspond with enhancement. Our results indicate that magnitude images obtained by SWI technique contain information not available in SW phase or minIP images that can be used to predict active plaques with contrast enhancement with moderate sensitivity and high speciˆcity.
There are several possible explanations why active plaques tended to show high intensity on SW magnitude images. Because we obtained images using a 3D SPGR technique with long TE, the signal alteration depends on T 2 * as well as T 1 and T 2 , so T 1 shortening and/or T 2 prolongation may provide the signal increase of MS plaques. In general, T 1 shortening in brain lesions can occur with paramagnetic eŠects by methemoglobin (met-Hb), free radicals, nonheme irons such as ferritin, lipids, proteinaceous materials, hypermyelination, melanin, and minerals, such as manganese (Mn) and copper (Cu). 18 Among these, the candidates that appear to account for the high intensity of active MS plaques on SW magnitude images are the free radicals produced by phagocytotic cells, such as macrophages and microglia, nonheme iron within phagocytotic cells, lipids in debris of broken-down myelin sheath, and proteinaceous materials by leakage of serum into the brain tissue. [19] [20] [21] [22] Although MS plaques have been reported to show high intensity on T 1 WIs, 23, 24 we had no plaques with high signal intensity on both SW magnitude and T 1 WI images. The discrepancy between SW magnitude images and T 1 WIs can be partly attributed to alterations in the T 1 contrast from longer TR in the SW magnitude images. Furthermore, the high intensity of MS plaques on SW magnitude images can be partly explained by T 2 prolongation primarily resulting from vasogenic edema in the active phase. However, MS plaques, either active or inactive, usually show high signal intensity on T 2 WI and have similar T 2 values. 5 We propose that T 2 * shortening can occur by accumulation of hemosiderins in the chronic phase and may mask high intensity by T 2 prolongation. Further comparative studies with pathologicalˆndings are needed to investigate the mechanisms of signal alterations in active and inactive plaques on various SW images.
In this study, the coexistence of low intensity rim on the same SW magnitude or minIP SW images improved the speciˆcity of plaques with high intensity on SW magnitude images to predict active plaques. Previous pathological studies revealed accumulation of phagocytic cells laden with ferritin or hemosiderin mainly at the plaque border, 22,25 so we attribute signal attenuation at the rim of the MS plaque to T 2 and/or T 2 * shortening from deposition of ferritin and/or hemosiderin. Low intensity rim was also detected on minIP SWIs, as previously reported, 12 and we found that it correlated with enhanced plaques.
The SWI technique has recently been used to assess MS, but most studies focused onˆndings from SW minIP or phase images. To our knowledge, no study has reported the importance of SW magnitude images. minIP SWI contains information from SW magnitude and phase images, usually phase-weighted, 13, 16, 17 so under some conditions, the countervail of the phase shift might mask the signal alteration of SW magnitude images on minIP SWIs. Thus, abnormal signal changes of plaques might be overlooked when only minIP SWIs and SW phase images are interpreted. In this study, plaques with high intensity on SW magnitude images, which were important in predicting active plaques, frequently disappeared on minIP SWIs when those on the SW phase image showed low intensity. Our results suggest that evaluation of MS plaques should include SW magnitude images in addition to minIP SWIs and SW phase images.
Although contrast enhancement on T 1 WI is one criterion for active MS plaques, 15 less invasive assessment of activity in MS plaques is needed clinically to be more cost eŠective and to evaluate patients in whom Gd agents cannot be used. We observed substantial correspondence of signal changes in plaques on SW magnitude images with enhancement eŠect on T 1 WIs, but these changes 
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were not su‹ciently sensitive to become a surrogate marker for plaque activity. Longitudinal studies with a larger population are necessary to establish advantages of SWI techniques to improve accuracy of plaque activity detection, achieve early treatment, reduce relapse frequency, and slow down disability progression in patients with MS. This study had several limitations. First, we used the enhancement eŠect of the Gd contrast agent as a gold standard for active plaques, according to previous reports, 2-4 but such enhancement is known to be insu‹ciently sensitive to active plaques 26 and may occur even in inactive plaques. 22 Hence, we cannot conˆrm the true sensitivity and speciˆcity of SW magnitude images in predicting plaque activity. Second, we did not perform quantitative evaluation by measuring the region of interest (ROI), which is considered more objective than visual evaluation, because we reasoned that visual assessment is a practical method in daily practice. However, suboptimal intra/interobserver agreement in this study suggests the need for quantitative methods to improve accuracy and repeatability for assessing MS plaques using various SW images. Third, the slice thickness of T 2 WIs, which we used for the reference of plaque location and size, was diŠerent from that of SWI and T 1 WI, which could diminish accuracy and reproducibility during visual assessment. This issue can be resolved using a 3D FSE technique with alternating refocusing radiofrequency (RF) pulses, but this was not available in our scanner during this study. Fourth, we evaluated only ovoid lesions in the supratentorial white matter. Including infratentorial plaques could increase the number of plaques for evaluation, but susceptibility artifacts were prominent on minIP SWI, SW magnitude, and SW phase images in the brain stem and cerebellum. Neither did we include in our study plaques that did not appear on T 2 WI. Some plaques are reported to show signal change only on SW phase images or minIP SWI. 12 Further studies are needed to evaluate these plaques as well as lesions in white matter that appear normal, U-ˆber lesions, and cortical lesions that can occur in MS. SWI. An ovoid lesion of MS plaque seen on previous examination 3 months prior is seen on T 2 WI (a, arrow). The plaque shows low signal intensity on T 1 WI (b, arrow), and contrast enhancement is not observed on gadolinium (Gd)-enhanced T 1 WI (c, arrow). On SW magnitude, phase, and minIP images, the plaque shows low signal intensity compared to normal white matter (d, e, and f, arrows). 
Conclusion
Among a variety of SW images, we found that the high signal intensity of SW magnitude images showed high speciˆcity for and therefore can be a practical predictor of active MS plaques with contrast enhancement, whereas signal intensities of SW phase image or minIP SWI showed no signiˆcant relationship with contrast enhancement. An SW magnitude image with long echo time and high spatial resolution can be used to evaluate the activity of MS plaques.
